Fluid Dynamic Gauging (FDG) has been used to study cake fouling during cross-flow microfiltration of inactive Saccharomyces cerevisiae yeast suspensions through a 5 μm nominal pore size mixed cellulose ester membrane. Cake thickness was measured in-situ and in real-time during fouling, for which an initial growth rate of ca. 0.81 μm·s -1 was observed at TMP = 35 mbar and Re duct = 1000. The thickness increased asymptotically to a terminal value of 130 μm, limited by the FDG process. Although it influences the evolution of the cake thickness, FDG can nevertheless be used to perform strength tests on preformed cakes, by imposing controlled shear stresses to the surface and measuring the thickness following deformation. Cake deformation via incremental increases in shear stress demonstrated that the cake's resilience to tangential fluid shear was inversely proportional to its thickness. It was found that preformed cakes over 250 μm thick were deformed by shear stresses < 10 N·m -2 , indicating very loose cohesion between cells on the cake's surface. The range and accuracy of thickness measurements is subject to the strength of fouling layers and the operating conditions of the apparatus.
Introduction
Membrane separations offer numerous advantages over conventional separation techniques. These include greater selectivity, lower energy consumption, and a modular design which allows for predictable scale-up [1] . Microfiltration (MF) membranes are the most commonly used class of membranes industrially, occupying ca. 50% of the US membrane market value in 2001, more than twice that of any other category of membrane [2] . Ubiquitous in all applications of membrane technology is the issue of fouling, which can affect the performance and lifespan of the membrane.
Research into the reduction and removal or prevention of fouling has dominated membrane research over the past twenty years, and of particular note are the recent advances in the study of reversible cake fouling. Direct Visual Observation (DVO) [3] [4] [5] and Direct
Observation Through the Membrane (DOTM) [6] [7] [8] techniques have been important in understanding the mechanisms of deposition and removal of particles on MF membrane surfaces; whilst various high-tech methods such as Laser Triangulometry [9] [10] [11] , Ultrasonic
Time Domain Reflectometry (UTDR) [12] [13] [14] , near infrared nonlinear optical imaging (NIR-NLOI) [15] , and Nuclear Magnetic Resonance (NMR) imaging [16] have gone some way towards characterising deposited cake layers. Chen et al. [17] provide a comprehensive review of these and other non-invasive techniques used to study membrane fouling. So far studies of reversible cake fouling have concentrated on initial deposition or progressive thickness. The removal process, with regards to the strength and tenacity of such layers, has received little attention.
In this work we present the application of pressure mode Fluid Dynamic Gauging (FDG) for estimating the thickness and cohesive strength of cake layers in cross-flow microfiltration of inactive yeast suspensions through a 5 μm nominal pore size cellulosic membrane. Although not strictly considered as non-invasive, this technique has proven an effective non-contact method for measuring cake-layer thickness in both dead-end [18] , and cross-flow filtrations [19] [20] [21] .
FDG also allows the study of flow-induced cake removal by combining thickness measurements with controlled application of fluid shear to the surface of the cake. Whilst in previous work FDG was used to study fouling by a monodisperse, inorganic suspension [20] , this study focuses on demonstrating how it can be applied to the filtration of a more complex organic suspension which more closely represents those filtered in food processes.
Fluid Dynamic Gauging (FDG)
Although FDG has become a well-established technique for fouling studies on nonporous surfaces in static [22] and flowing [23] environments, its application to the study of membrane fouling, especially in cross-flow microfiltration (CFMF), is still a relatively new practice. So far FDG studies on CFMF have been performed on monodisperse ballotini suspensions under laminar flow conditions [20] , and sugar beet molasses solutions under turbulent conditions [19, 21] .
The principle of pressure mode FDG is shown schematically in figure 1. Fluid is drawn through a nozzle at a constant flow rate, m g ; and the differential pressure across the gauge between stations 1 and 4 on figure 1, Δp 14 , is governed by the clearance, h, of the nozzle from a surface. Flow into the nozzle and its relation to differential pressure can be characterised by a dimensionless discharge coefficient, C d ; defined as the ratio of actual to ideal mass flow through the nozzle:
where ρ is the density of the fluid and Δp 13 is the pressure difference between stations 1 and 3,
given by:
where Δp 34 can be estimated using the Hagen-Poiseuille solution. A more detailed analysis of this derivation is given in [24] .
Assuming that the deposit acts as a flat, relatively non-porous and non-slip surface; the clearance of the nozzle, h, can be estimated from a correlation between C d and a characteristic height, h/d t , for a set of known h values. An example of this is shown by the open symbols in figure 2 . The thickness of a deposit, δ, in the area directly below the gauge is then given by:
where h 0 is the distance between the nozzle and the substrate, determined independently. An optimum operating region for thickness measurements at h/d t ≤ 0.25 was identified by Tuladhar et al. [24] , wherein the resistance to flow is governed by the clearance of the nozzle from a surface rather than the diameter of the throat. This is demonstrated in figure 2 probable that, due to the nature of this method, a thickness value representing a rough average over the circular cross section directly underneath the nozzle will be attained. Earlier work [18, 19] has shown that the technique works in the same way for porous surfaces as for flat impermeable surfaces.
Coupled with Computational Fluid Dynamics (CFD), FDG can also be used to measure the cohesive and adhesive strength of a deposit [19] . The flow of fluid into the gauge imposes a tangential shear stress, τ w , upon the surface directly below the rim of the nozzle. The strength of a deposit can be inferred as the maximum shear stress at which deformation (i.e. a decrease in thickness) is observed. Schmitz and Prat [25] have demonstrated, through numerical modelling, that the effect of slip velocity at the membrane surface can be considered negligible to the membrane performance; thus the no slip boundary condition is imposed at the membrane surface [26] . Whilst it can be estimated using CFD simulations, shear stress can also be approximated by an analytical solution for converging radial flow between parallel disks [27] : (4) where r is the radial distance from the centre of the nozzle. Previous researchers have demonstrated good agreement between this model and CFD simulations for both quasi-static [23] and duct flow systems [28] . Figure 3 shows preliminary data from CFD simulations of FDG during a membrane filtration, the methods of which are described elsewhere [25] , and comparison with the curve given by equation (4) . At a given clearance, h, and constant gauging flow, m g , shear stress is proportional to 1/r, with the maximum shear stress, τ w, max , imposed on the surface below the nozzle occurring at the lower limit for r in this circumstance, at a radial position r = d t /2. Currently equation (4) is considered to give a more accurate approximation for τ w, max compared with that of preliminary CFD simulations, so it will be applied when measuring cohesive strength of cakes in this work. It is however, only applicable in the area directly below the nozzle rim, i.e. where d t /2 ≤ r ≥ d t /2+s.
The use of pressure mode FDG provides a number of advantages over the initial FDG configurations, wherein the differential pressure, Δp 14 , is set and the gauging flow, m g , is measured [29] . Controlling the gauging flow allows for more accurate control of shear stress applied to the deposit and enables the user to reduce the rate of fluid withdrawal from the system, preserving bulk-flow conditions. It also opens up the technique to applications at a greater range of internal or trans-membrane pressures with a higher threshold than in previous work (which used hydrostatic pressure), as demonstrated by Jones et al. [19, 21] .
Experimental

Materials
Pressure mode FDG apparatus
A schematic of the flow loop used in this work is shown in figure 4a . was used to adjust and measure its clearance from the membrane. Bleed points (BP) were used to evacuate air bubbles from the system.
Membranes
Mixed cellulose ester membranes of 5 μm nominal pore size were obtained from
Millipore inc. (catalogue number SMWP29325). The membrane resistance, R m , was characterised from Darcy's law (equation (5)) by measuring membrane flux, J, and transmembrane pressure, TMP, during dead-end filtration using apparatus described in previous work [18] . (5) Experimental results gave a mean resistance of R m = 1.17×10 10 m -1 .
Suspension
Dried, inactive Saccharomyces cerevisiae yeast obtained from Sigma-Aldrich (Catalogue number 51475) was used as the model foulant. This was suspended in RO water (pH 6.1, conductivity 7-10 µS), which was degassed using a vacuum chamber (Island Scientific) and pump (Edwards E2M2) in order to prevent the development of air bubbles which would interfere with the FDG operation. A low concentration of 1 g•L -1 yeast powder (0.09 vol%) was used for all experiments detailed in this report so that viscosity and density changes could be considered negligible. Upon addition of the powdered yeast, a pH drop from 6.1 to 5.9 was observed, measured using a handheld probe (Hanna Instruments, p-HEP).
The suspension was characterised by light microscope (Nikon Diaphon 300) and by a laser diffraction particle sizer (Coulter LS230). The latter of these methods used the Mie solution to Maxwell's equations and a diffractive index for yeast of 1.38 (as derived by Malone [30] ), the results for which are shown in figure 5 . Two distinct peaks were identified from size distributions using laser diffraction, the first of which was for the diameter of single cells, the latter indicating larger aggregates of around 150 μm diameter. Single cells exhibited an average diameter of 5.8 μm (which was also confirmed using a light microscope), and constituted around 40% (by volume) of the particles in suspension. Significant aggregation was also observed, with
aggregates as large as 300 μm diameter present. Overall around 50% of suspended material was individual cells and aggregates < 20 μm diameter and a further 25% were also < 100 μm diameter. Particle characterisation suggested the presence of some cell debris and/or other unknown impurities (10% of particles were < 2.5 μm diameter), and rehydrated yeast suspensions are thought to exhibit "sticky" substances on cell walls [31] . The suspension studied in this work was therefore considered to more closely represent the complex nature of media processed by microfiltration in the food industry. One such example would be the clarification of beer, for which feeds can contain a mixture of cells, aggregates, sugars and macromolecules [32] . 
Methods
Calibration profiles
Thickness and strength estimation of preformed yeast cakes
Membranes were wetted with RO water before their installation into the test section.
Degassed RO water was circulated through the system under the desired operating conditions until a steady-state flux was reached, during which time permeate was recycled back to the feed tank. This steady-state value was used as an estimation of the initial permeate flux. Fouling experiments were run at two different trans-membrane pressures (35 mbar and 50 mbar), both at a duct flow rate of 0.9 L•min -1 (Re duct = 1000). These conditions were set, and the foulant was added as a powder to the feed tank under conditions of constant mixing. The gauge nozzle was maintained > 10 mm from the membrane surface to avoid disturbance to the fouling process.
Fouling was allowed to proceed at constant TMP for 30 minutes, at which point a quasi-steadystate flux was reached whereby the particle deposition was balanced by detachment from the cake layer due to shear stress imposed by cross-flow velocity. Flux was monitored, and TMP was maintained using valve V2 (figure 4a). Permeate was not recycled to the feed tank.
The yeast deposit formed on the membrane was then tested using FDG. The gauging flow, m g , was set to 0.2 g·s -1 , and the gauge lowered towards the fouling layer, making continual 
Thickness tracking of developing cake layer
Using the same preparation methods as described above, the membrane was installed into the test section, and a quasi-steady-state pure water flux was established. The gauging flow, m g , was set to 0. continually. By not moving the gauge during thickness tracking, less error was incurred due to height adjustments, however because the distance between the nozzle and the deposit, h, was decreasing due to deposit growth, the needle valve needed to be adjusted to maintain a gauging flow of 0.2 g·s -1 . This also meant that there was less scatter in the data as cake thickness increased.
A single set of fouling conditions was used for both of these protocols, where TMP = 35 mbar and Re duct = 1000.
Results and Discussion
Calibration data
C d vs. h/d t profiles were produced from measurements over a stainless steel plate to which a curve, shown in figure 6 , was fitted using a least squares method, defined by:
where A, B, C and D are constants of values 0.3775, 0.03293, -0.9347, and -14.11 respectively.
The R 2 value was 0.9988 and the sum of squares due to error (SSE) was 0.001805. All yeast cake thickness estimates in this work were made by interpolating from this curve. Good agreement was found between this profile and data gathered during pure water filtration under the experimental conditions of this study, as shown in figure 6 . Data were taken both in advancing and retreating mode (wherein the gauge was moved progressively closer to and away from the surface respectively). Little hysteresis was observed between the two, which is to be expected as readings were taken at steady state and should be unaffected by previous gauge movements.
Analysis of preformed yeast cakes
The FDG analysis of the cake showed that its cohesive strength (i.e. the fluid shear required to separate cells/aggregates from the cake) increased further towards the surface of the membrane.
Tangential shear stress on the surface of the cake was increased incrementally by gradually moving the gauge towards it, removing some of the foulant from the surface in the process. As more foulant was removed and the thickness decreased, the gauge nozzle was able to approach the surface of the cake more closely without causing deformation. Figure 9 shows the relationship between deposit thickness, δ, and maximum shear stress exerted by the gauge, , and aggregates larger than this were observed in particle size analysis of the suspension. The presence of aggregates may also contribute to the data scatter in figure 9 , as it is unlikely that particles were removed by the gauge in single monolayers of cells. Small fluctuations in estimated thickness over time were also noted whilst the gauge was in use which can be attributed in part to particle movements across the surface of the cake, as has been observed by Knutsen and Davis [33] for both yeast cells and latex microspheres.
Recovery of the fouled membrane from the test section confirmed that erosion of the fouling layer was localised to the area just beneath the gauge nozzle, forming a shallow crater, as shown in figure 10 (a and b) . Visual inspection confirmed that from edge to edge this measured 1.8 mm, however there was some taper evident between the top of the undisturbed layer and the bottom of the crater. This tapered area closely matches the distance s between the inner and outer edges of the nozzle rim, where the bottom of the crater has a diameter corresponding to that of the orifice, d t . The shape of the crater in figure 10b , and its relation to the gauge geometry (shown in figure 1 ) is expressed as a cross-section in figure 10c . This is consistent with the shear stress profile in the area underneath the gauge from figure 3 Although fluid shear stress decreases substantially at r < d t /2, the disruption of the cake across the centre of the crater can be attributed to the suction of the gauge combined with the erosion of the surrounding material below the inner edge of the nozzle rim.
It is worth noting that the gauge also influenced the formation of the deposit downstream of the gauge, figure 10a shows two 'forks' emanating from the eroded region where the gauge was positioned. This is likely due to the effect of the gauge on downstream flow patterns in the duct. Streamline plots from preliminary CFD simulations by Lister et al. [20] have indicated some recirculation in this region just downstream of the gauge. Deposition behaviour and flow characteristics downstream of the gauge do not affect cake build up directly below it however.
Thickness tracking of developing cake layer
Cake layer thickness was estimated as it developed by constantly measuring Δp 14 and m g .
Two different methods were employed, one in which the gauge clearance from the membrane, cake growth will be further hindered by the increased shear forces imposed by the gauge.
Modelling cake development
It is worth noting that although the cake growth can be tracked with time, the final cake thickness estimated using FDG in this case is not a true representation of the cake thickness across the whole membrane surface; but an approximation of cake growth under the fluid shear conditions imposed by the gauge. Cake fouling appears to start immediately, but increases only to a limiting thickness of 130 μm, above which FDG measurements disrupt cake formation.
Recovery of the membrane following both experiments showed that the presence of the gauge above the membrane during fouling had significantly affected particle deposition, evidenced by similar 'forks' to those in figure 10a . The effect of FDG on cake layer formation is governed by the properties of the feed suspension, and this effect has not been observed in similar studies [20, 21] in which monodisperse suspensions were filtered. Asymptotic thickness measurements during fouling and the thickness measurements of preformed layers may become more similar when filtering less aggregated yeast suspensions.
Because a complex suspension containing large aggregates was filtered, and FDG technique can influence cake formation, it is important to determine that it is driven by membrane flux rather than settling or diffusion towards the membrane surface. For this purpose, a simple approximation is deemed sufficient, in which mass transfer coefficients for convection, diffusion and settling are derived. Epstein [34] gave the following equation to describe particle transport from bulk fluid to a surface:
where M is the mass of particles per unit area of the surface, C b and C w are the concentrations of particles in the bulk fluid and at the wall respectively, and k t is the transport coefficient. In this case C w is taken to be the concentration at the surface of the membrane, assumed to be zero initially. Equation (8) can then be expressed in terms of initial cake growth:
where ρ p is the density of foulant particles, and ε is the voidage of the cake (assumed constant at a value of 0.4, for densely packed spheres [35] ). For the purposes of this approximation it is assumed that this initial growth rate is representative of that across the entire area of the membrane. Using a value of ρ p = 1130•kg•m -3 [36] , and the average growth rate (from figures 11 and 12):
gives a value for k t of 5.49×10 -4 m·s -1 .
A corresponding mass transport coefficient, k m , can be derived, representing particle transport due to convective diffusion in a flowing duct. This is given in terms of the Sherwood number, Sh, and hydraulic diameter, d H , for the duct (in this case d H is equal to the width of the duct, D = 15 mm) [27] : (10) where D p is the particle diffusivity. The Stokes-Einstein equation (which implicitly assumes nonslip conditions on the particle's surface) can be used to approximate diffusion of large spherical molecules or suspended particles in fluids of low molecular weight [37] : (11) where k b is the Boltzmann constant (1.38 × 10 -23 m 2 ·kg·s -2 ·K -1 ), T and μ are the fluid temperature and viscosity respectively, and d p is the diameter of a single yeast cell (a worst case scenario subtending to the maximum possible diffusivity). The Sherwood number can be estimated using the Sieder-Tate correlation for laminar flow [37] : (12) where L is the length of the membrane surface, and the Schmidt number, Sc, is given by:
Using equations (10) to (13) gives a value of k m = 9.87×10 -9 m·s -1 , over 4 orders of magnitude lower than the transport coefficient k t derived from the initial growth rate.
A crude approximation for the rate of particle settling is also produced for comparison with the estimated cake growth. A settling coefficient analogous to the transport coefficient in equation (8), k s , taking the polydispersity of the suspension into account, is calculated as follows: (14) where is the %volume of particles of size i and is the terminal velocity (for creeping flow) of a particle of diameter , given by Stokes law [38] : (15) where g is the gravitational constant. Due to the low volume fraction of particles in the suspension, estimation of hindered settling velocity using the Richardson-Zaki equation or other expressions based on volume fraction would yield an almost identical value to terminal velocity.
For this reason, and to estimate for a worst case scenario, terminal velocity for cells/aggregates is used in equation (14) . The resulting settling coefficient, k s , was 8.45×10 -5 m·s -1 , which indicates that over 15% of cake deposition may be due to particle settling. The majority of settling however (>90%), can be attributed to aggregates larger than 100 µm diameter, and less than 1%
is due to those in the range of single cells.
By comparison of the transport coefficients for diffusion and settling (k m and k s respectively) with that derived from the initial cake growth rate (k t ):
it is clear that cake growth is primarily governed by filtration. Particle settling has a marked impact on cake growth, mainly due to presence of large aggregates. This may also contribute to the difference between terminal cake thickness measured after fouling (as detailed in section 3.1)
and during fouling (as detailed in section 3.2). The impact of particle settling upon FDG analysis in membrane filtration will be subject to further investigation.
Conclusion
The technique of fluid dynamic gauging has been used to estimate the thickness and strength of fouling layers during the microfiltration of a non-ideal suspension of polydisperse yeast particles, which included single cells and large aggregates. The strength of pre-developed fouling deposits (cakes) was assessed by applying controlled fluid shear stress to the surface of the cake and measuring the resulting deformation. The resilience of the cake to fluid shear was found to be inversely proportional to cake thickness, down to a level where a persistent layer, less than 100 µm thick and capable of withstanding stresses outside of the operating limits of the gauge, remained. At a thickness of > 250 µm, these cakes were found to be easily deformable, with particles removed from the cake under shear stresses below 10 N·m -2 . Accurate gauge measurements at shear stresses lower than this were not possible in these studies.
Thickness estimates for a developing cake layer were also performed, from which initial cake growth was estimated. The asymptotic rate of cake growth was found to correspond well with the decreasing rate of flux decline. The overall accuracy of thickness estimates in these studies was ± 5 µm to ± 20 µm, with lower error margins at gauge positions closer to the cake (which correspond also to higher imposed shear stresses). Consideration of both settling phenomena and convective diffusion confirmed that cake growth was governed mainly by convection of particles towards the membrane due to filtration.
Work on pressure mode FDG in membrane systems is on-going, and further studies on the behaviour of yeast cakes under applied fluid shear are planned. One of the greatest strengths of the FDG technique is its versatility, in that it can be applied to a wide range of both ideal and non-ideal foulants. With a little further development it should be possible to study a wide range of feeds and membrane types, specific to industrial processes. The effects anti-fouling measures such as feed pre-treatment and surface modification on the rate of cake formation and its removal properties could be investigated on-the-fly, without prerequisite data for, or modification of the feed. 
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